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Major morphological and mechanical changes occur in the star®sh oocyte during maturation. Measurements made by
quantitative ¯uorescence microscopy of ®xed specimens stained with saturating levels of rhodamine-phalloidin demon-
strated that changes in the level of F-actin in intact oocytes, in the endoplasm, and in the cortex may contribute to these
changes. The level of F-actin increased transiently after exposure of oocytes to the maturation inducing hormone, 1-
methyladenine (1-MA). This increase correlated with the formation of spikes on the cell surface. The level of F-actin
decreased at the time of germinal vesicle breakdown (GVBD), which may account for the decrease in stiffness that occurs
at this time. No increase in the level of F-actin was observed during formation of polar bodies, suggesting the existence of
a secondary mechanism affecting oocyte stiffness. The changes in the amount of F-actin during oocyte maturation were
largest in the cortex. The data also suggested that there are two distinct populations of cortical actin that are regulated
both spatially and temporally; these are the F-actin in spikes and nonspike cortical F-actin. Changes in either or both of
these populations of cortical actin were induced independently of GVBD by short exposures to 1-MA, induction of matura-
tion with dithiothreitol, and pretreatment of immature oocytes with forskolin before adding 1-MA. Stabilization of F-actin
by microinjection of phalloidin had no effect on GVBD. These results suggest that polymerization and depolymerization
of actin during maturation are responsible for morphological and mechanical changes in the oocyte. In addition, the data
suggest that the regulation of actin polymerization and depolymerization can be dissociated from GVBD. q 1996 Academic
Press, Inc.
INTRODUCTION ration, the stiffness of the oocyte increases transiently dur-
ing formation of both polar bodies I and II (Hiramoto, 1964,
Star®sh oocytes are blocked in prophase of meiosis I while 1976; Nakamura and Hiramoto, 1978; Shoji et al., 1978).
stored in the ovary. Within the ovary, each oocyte is sur- The mechanical changes measured in the oocyte during
rounded by an epithelium of follicle cells which, during maturation occur in the cortex and in the cytoplasm (Shoji
spawning, are thought to release 1-methyladenine (1-MA). et al., 1978; Nemoto et al., 1980). These changes are sensi-
In response to 1-MA, the oocytes begin maturation (Kana- tive to cytochalasins which disrupt F-actin-based struc-
tani, 1969). The process of maturation is characterized by tures. When an immature oocyte is treated with cytocha-
the breakdown of the germinal vesicle (GVBD), completion lasin B, its stiffness decreases to levels comparable to the
of meiosis I and II, which produce polar bodies I and II, and mature oocyte (Nemoto et al., 1980). Therefore, an F-actin-
formation of the female pronucleus. based mechanism is responsible for the original stiffness of
During maturation, oocytes undergo mechanical and the oocyte. Although the timing of GVBD onset in response
morphological changes. These changes have been examined to 1-MA is unaltered in cytochalasin-treated oocytes, the
to further our understanding of the maturation process. Im- time needed to complete GVBD is lengthened (Stricker and
mature oocytes defolliculated in vitro are rigid spheres (Hi- Schatten, 1991). Therefore, F-actin may be involved in the
ramoto, 1976). Upon addition of 1-MA to Pisaster ochraceus process of GVBD.
oocytes, transient actin-®lled spikes project from the oocyte The existence of these F-actin based changes in morphol-
surface and then disappear within 30 min (Schroeder, 1981; ogy during oocyte maturation suggests an important role
Schroeder and Stricker, 1983; Otto and Schroeder, 1984). for F-actin in the maturation process. However, the depen-
The oocytes become less rigid at the time of GVBD (Cham- dence of maturation on these events and, conversely, the
bers, 1921; Hiramoto, 1964, 1976; Nakamura and Hiramoto, dependence of these events on maturation has not yet been
examined. To determine if there is an interdependence be-1978; Shoji et al., 1978; Nemoto et al., 1980). Later in matu-
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EDTA, 1 mM TAME, 100 mM Pipes, pH 7.0 (glycerol buffer). Thetween oocyte maturation and changes in the F-actin cy-
cortices were ®xed in 4% formaldehyde in glycerol buffer for 20toskeleton, we quanti®ed the relative F-actin content of
min and then washed in PBS. The coverslips were brie¯y blockedcortices and intact oocytes during maturation. This was
with 10 mg/ml bovine serum albumin (BSA) in PBS and thendone to identify changes in the amount of F-actin present
stained for 5±8 hr with rhodamine-phalloidin suspended in 10 mg/in the oocyte during maturation that could account for the
ml BSA in PBS. The coverslips were then washed with PBS and
changes in oocyte morphology and stiffness. The character- mounted.
ization of changes in F-actin during maturation identi®ed
two populations of cortical F-actin that were differentially
regulated. Further, we found that changes in either of these Quanti®cation of Fluorescence
populations could be separated from GVBD by varying expo-
The ¯uorescence of individual oocytes was measured with a pho-sure times to 1-MA, treating with reducing agents, elevating
tomultiplier tube attached to an epi¯uorescence microscope withcAMP levels, and by stabilizing F-actin within the oocyte.
a Nikon 201 DL, N.A. 0.4 objective (Robinson et al., 1994). A
®lter set containing a 560-nm DF40 transmission ®lter, a 595-nm
DRLPO2 dichroic ®lter, and a 610-nm DF20 emission ®lter wasMATERIALS AND METHODS used (Omega Optical, Brattleboro, VT). The excitation intensity
from the mercury lamp was attenuated with neutral density ®lters
All chemicals were purchased from Sigma Chemical Co. (St. to prevent photobleaching and reduce the ¯uorescence to within
Louis, MO) unless otherwise noted. Phalloidin and rhodamine- the working range of the photomultiplier tube. The excitation aper-
phalloidin were obtained from Molecular Probes, Inc. (Eugene, OR). ture was adjusted so that only the oocyte being measured was illu-
Formaldehyde (EM grade) was purchased from Ladd Research Indus- minated. The ¯uorescence intensity of 10±20 individual oocytes
tries, Inc. (Burlington, VT). Forskolin was purchased from Calbio- per time point was measured as the peak height on a chart recorder
chem (La Jolla, CA). set at the 10- or 100-mV setting. The ¯uorescence of unstained
oocytes was subtracted from the stained value to account for au-
to¯uorescence. Cortical ¯uorescence was measured similarly ex-
Organisms and Oocyte Culture cept the excitation aperture was constricted so that half the diame-
ter of the average cortex was illuminated. This constriction wasP. ochraceus were obtained from Marinus Supply Co. (Long
done to standardize the area being measured.Beach, CA) or collected from the San Juan Islands (WA). Asterina
miniata were obtained from Marinus Supply Co. or Seacology (Van-
couver, BC, Canada). Both species were maintained in Instant
PhotomicrographsOcean at 87C in a 100-gallon Living Stream aquarium. Oocytes
were defolliculated and cultured in calcium-free seawater (CaFSW)
Photomicrographs of whole oocytes and cortices were obtainedat 12±137C (Schroeder, 1981). Oocyte maturation was induced by
with a Zeiss Axiophot microscope equipped with an in®nity cor-adding 1-MA to a ®nal concentration of 4 or 20 mM or by adding
rected Zeiss 20X Plan-Neo¯uor objective, N.A. 0.5, working dis-dithiothreitol (DTT) to 10 mM. Forskolin-treated oocytes were
tance 0.17 mm. Fluorescence images were recorded on Kodaktreated with 100 mM forskolin for 1 hr and then exposed to 20 mM
TMAX 400 ®lm and printed on AGFA 5 resin-coated paper. Differ-1-MA in the presence of forskolin.
ential interference contrast (DIC) images were photographed on
Kodak Tech Pan 2415 ASA 100 ®lm and printed on Ilford 3 resin-
coated paper. Both negatives and prints were exposed for identicalFixation and Staining
times among samples within an experiment to allow direct compar-
Fifty microliters of settled oocytes were ®xed in a total volume isons among cortices or oocytes. For Figs. 6 and 9, complete photo-
of 500 ml of primary ®xative [3.6% EM grade formaldehyde, 0.65 graphic plates were then scanned on an Epson ES-1000C scanner
M glycerol, 4 mM ethylenediaminetetraacetic acid (EDTA), 0.72 (Seiko Epson Corp., Nagano, Japan) using the Scantastic program
mM Na-p-tosyl-L-arginine methyl ester (TAME), 72 mM pipera- (Second Glance Software, Laguna Hills, CA) and reduced in size
zine-N-N*-bis(2-ethanesulfonic acid) (Pipes), pH 7.0]. The oocytes with Adobe Photoshop (Adobe Systems, Inc., Mountain View, CA).
were incubated in primary ®xative for 8±12 hr at 07C with frequent
inversion to keep them in suspension. Five-microliter aliquots of
®xed oocytes (900{ 45) were then suspended in 500 ml of secondary Confocal Microscopy and Image Analysis
®xative [1% EM grade formaldehyde, 0.1 mg/ml L-lysophosphati-
dylcholine palmitoyl in phosphate-buffered saline (PBS: 137 mM Intact P. ochraceus oocytes ®xed and then stained with rhoda-
mine-phalloidin during maturation were examined with a Bio-RadNaCl, 3 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.4)] and
kept on a rocker at 47C for 30 min. Rhodamine-labeled phalloidin MRC 1000 confocal microscope on a Nikon Diaphot 300 body. A
Nikon 20X objective was used. The settings on the Bio-Rad soft-was added to the secondary ®xative, and the oocytes were stained
for 8 hr at 47C and subsequently washed for 1 hr in PBS. The oocytes ware, COMOS, were adjusted so that the auto¯uorescence of un-
stained, ®xed oocytes was less than the background. The imageswere mounted in mounting medium (50% glycerol, 50% PBS, 0.5%
n-propyl gallate, pH 8.0) under coverslips supported by two layers were stored as PIC ®les and analyzed with the program NIH Image
1.55. The mean brightness of a 100-pixel-diameter circle in theof para®lm.
Cortices were prepared by suspending 15 ml of settled oocytes in center of the oocyte was measured for ®ve oocytes per time point.
All the data were normalized to the immature oocyte and the rela-5 ml of CaFSW and allowing them to settle onto a polylysine-
coated coverslip (22 1 22 mm) in a 35-mm-diameter 1 10-mm- tive mean brightness of the cytoplasm for a given time point among
three experiments was determined.deep petri dish and then shearing them with 0.9 M glycerol, 5 mM
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Microinjection
Microinjection and observation of A. miniata oocytes were car-
ried out at 157C with the oocytes held between two glass coverslips
separated by two pieces of double-stick tape (3M, St. Paul, MN).
The coverslips were held on an aluminum support slide with a U-
shaped cutout (Kiehart, 1982; Terasaki and Jaffe, 1993). Microinjec-
tion was done with a pipet back®lled with mercury (Hiramoto,
1962; Kiehart, 1982). Injection volumes were calculated by measur-
ing the diameter of an equivalent volume of silicon oil (dimethyl-
polysiloxane, 100 centistokes, Sigma). Both phalloidin and rhoda-
mine-phalloidin were suspended in dimethyl sulfoxide (DMSO) at
50 and 1 mM, respectively. They were diluted in 100 mM potassium
aspartate, 10 mM N-2-hydroxyethylpiperazine-N*-2-ethanesulfonic
acid (Hepes), pH 7.0 (Terasaki and Jaffe, 1993) to a ®nal concentra-
tion of 10 and 0.2 mM, respectively. Volumes injected were 1% of
the oocyte volume to produce an intracellular phalloidin concentra- FIG. 1. Measurements of relative changes in F-actin during oocyte
tion of 100 mM and a rhodamine-phalloidin concentration of 2 mM. maturation in intact star®sh oocytes. The ¯uorescence of 10±20
Control oocytes were injected with 20% DMSO in 100 mM potas- oocytes was measured for each time point and the auto¯uorescence
sium aspartate, 10 mM Hepes, pH 7.0. subtracted. For each experiment, the mean ¯uorescence at each
time point was normalized to the immature oocyte as a percentage
to permit direct comparisons among experiments. Each point on
RESULTS the graph represents the mean among experiments, and the bars
represent the standard error among experiments for a given time
point. The number of experiments averaged for the time pointsSaturation of F-actin in Oocytes with Rhodamine-
were: n  8 for t  0 min, 30 min, 90 min, 120 min, and 180 min;Phalloidin
n  6 for t  150 min, 210 min, and 240 min; n  5 for t  15
The mushroom toxin phalloidin binds F-actin with a 1:1 min; n  4 for t  45 min, 50 min, 60 min, and 75 min; n  3 for
stoichiometry (Dancker et al., 1975). The ¯uorescence of t 10 min; and n 1 for t 165 min. At50 min, GVBD occurred
(*), and polar bodies I and II formed at 150 and 210 min, respectivelyrhodamine-labeled phalloidin (rhodamine-phalloidin) bound
(arrowheads). (Inset) Saturation of F-actin in intact oocytes withto F-actin is 10 times higher than that of unbound rhoda-
rhodamine-phalloidin. Five-microliter aliquots of ®xed immaturemine-phalloidin (Huang et al., 1992). This property greatly
oocytes were stained with increasing amounts of rhodamine-la-increases the signal-to-noise ratio of speci®c binding of rho-
beled phalloidin. The ¯uorescence intensity of individual oocytesdamine-phalloidin to F-actin versus nonspeci®c binding. If
was measured with an epi¯uorescence microscope equipped with
F-actin is stained with excess rhodamine-phalloidin, a linear a photomultiplier tube. Each point on the graph represents the
increase in ¯uorescence will represent increasing concen- mean ¯uorescence of 20 oocytes with auto¯uorescence subtracted.
trations of F-actin (Huang et al., 1992). These properties The bars represent the standard deviation among the oocytes for a
make rhodamine-phalloidin a powerful tool for examining given amount of rhodamine-phalloidin. The arrowhead marks the
changes in F-actin content within cells. amount of rhodamine-phalloidin used in time course experiments
(16.5 1 10011 mole).A necessary ®rst step for the quantitative measurement
of F-actin in oocytes was to determine the amount of rhoda-
mine-phalloidin necessary to saturate the F-actin in the oo-
cyte. Immature, denuded oocytes were ®xed and then periments, 16.5 1 10011 mole of rhodamine-phalloidin was
stained with increasing amounts of rhodamine-phalloidin. used to stain the oocytes, which was more than suf®cient
The ¯uorescence of 20 individual oocytes for each amount to saturate the F-actin (Fig. 1, inset).
of rhodamine-phalloidin was measured. The mean amount
Changes in F-actin in Whole Oocytes duringof rhodamine-phalloidin necessary to saturate the F-actin
Maturationin 900 oocytes was calculated from double reciprocal plots
of the data from four experiments to be 6.5 1 10011 mole The ¯uorescence of whole oocytes stained with saturat-
ing amounts of rhodamine-phalloidin increased after the(standard deviation: 1.6 1 10011 mole). For time course ex-
FIG. 2. Differential interference contrast (DIC) and epi¯uorescence photomicrographs of oocytes ®xed at different times during maturation
and stained with rhodamine-phalloidin. The oocytes were viewed with DIC microscopy (left) and ¯uorescence microscopy (right). At t 
0, rhodamine-phalloidin staining showed that F-actin was localized diffusely throughout the oocyte but was excluded from the germinal
vesicle. Fifteen minutes after 1-MA was added, the F-actin was seen as protrusions from the surface of the oocyte which corresponded to
``spikes'' seen by DIC microscopy. At 45 min, the spikes had retracted and rhodamine-phalloidin staining was seen in the area of the GV
as GVBD began. The F-actin staining was reduced at 240 min. A slight concentration of phalloidin staining was seen at the polar body/
egg interface (arrow).
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addition of 1-MA to 125% of the ¯uorescence of immature
oocytes (Fig. 1, 15 min). Because the ¯uorescence of rhoda-
mine-phalloidin bound to F-actin increases linearly with
increasing concentrations of F-actin, an increase in ¯uores-
cence to 125% corresponds to a 25% increase in the amount
of F-actin. The ¯uorescence increased within the ®rst 15
min of maturation and returned to the ¯uorescence level
of the immature oocyte by 30 min. The transient increase
in F-actin corresponded to the formation and retraction of
actin-®lled spikes from the surface of the oocyte (Fig. 2, 15
min). At the time of GVBD (50 min), the relative amount
of F-actin had decreased to 50% of the immature oocyte
(Fig. 1). During GVBD, F-actin was localized preferentially
in the area of the GV (Fig. 2, 45 min). After GVBD was
completed, the relative F-actin levels remained at 50% of
the immature oocyte throughout maturation. No signi®-
cant increase in F-actin occurred during formation of either
polar body I or II (Fig. 1, arrowheads).
Saturation of F-actin in Oocyte Cortices with
Rhodamine-Phalloidin
To measure changes in F-actin within the cortex, the F-
actin in cortices isolated during maturation was saturated
with rhodamine-phalloidin (Fig. 3A, inset). A constant num-
ber of cortices per coverslip was necessary for determining
the amount of rhodamine-phalloidin that would saturate
the F-actin in a cortical preparation. We obtained a repro-
ducible number (2000) of cortices by the following proce-
dure: Fifteen microliters of isolated oocytes that had been
treated for 15 min with 1-MA were suspended in 5 ml of
CaFSW. The 15-min time point was chosen because this
FIG. 3. Changes in cortical and cytoplasmic F-actin during matu- was when the greatest amount of F-actin was predicted to
ration. (A) Measurements of relative changes in F-actin in the cor- be present in the cortex from the data of whole oocytes.
tex of oocytes during maturation. Cortical patches (2000) isolated The oocytes were settled onto a 22 1 22 mm polylysine-
on coverslips were ®xed and then stained with suf®cient rhoda- coated coverslip. The oocytes were then sheared to isolate
mine-phalloidin to saturate the F-actin on the coverslip. For each
cortices. Isolated cortices were ®xed and then stained withexperiment, the mean ¯uorescence intensity of 10±20 cortices per
increasing amounts of rhodamine-phalloidin (Fig. 3A, inset).time point was normalized to that of the immature oocyte as a
Because the cortices varied in size and shape, measuringpercentage to permit direct comparisons among experiments. Each
the ¯uorescence of whole cortices would have producedpoint on the graph represents the mean among experiments. The
varied measurements of ¯uorescence per cortex. Therefore,error bars represent the standard error among the experiments. The
number of measurements for each time point was: n  8 for t  0 the excitation aperture on the microscope was reduced to
min, 15 min, 30 min, 45 min, 60 min, 90 min, and 180 min; n  a size that would illuminate a circle half the diameter of
7 for t  120 min; n  5 for t  240 min; n  3 for t  150 min; the average cortex. This produced a constant area for ¯uo-
and n  2 for t  210 min. Germinal vesicle breakdown occurred
50±55 min after 1-MA addition (*), and the ®rst and second polar
bodies formed at 150 and 210 min after 1-MA addition, respectively
(arrowheads). (Inset) Saturation of F-actin in oocyte cortices with
rhodamine-phalloidin. Cortices of P. ochraceus oocytes were pre- cytoplasm of intact oocytes ®xed and then stained with saturating
pared 15 min after adding 1-MA by attaching oocytes to polylysine- amounts of rhodamine-phalloidin were examined by quantitative
coated coverslips and shearing them with a stream of buffer. The ¯uorescence confocal microscopy. The points on the graph are the
cortices were ®xed and then stained with increasing amounts of means of three experiments, and the bars represent the standard
rhodamine-phalloidin. Each point on the graph represents the mean error among experiments. By 30 min, there was a signi®cant in-
¯uorescence of 20 cortices. The error bars represent the standard crease in F-actin within the cytoplasm (75%). The level of F-actin
deviation among cortices for a given amount of rhodamine-phalloi- in the cytoplasm decreased to that of the immature oocyte at the
din. The arrowhead marks the amount of rhodamine-phalloidin time of GVBD (*), and it remained relatively constant throughout
used in time course experiments (6.6 1 10011 mole). (B) Measure- the remainder of maturation. No increase was measured during
ments of changes in cytoplasmic F-actin during maturation. The polar body formation (arrowheads).
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rescence measurements and allowed the direct comparison 1982). The HDP for P. ochraceus oocytes cultured at 12±
147C is 30 min.of ¯uorescence among cortices on the coverslip. We deter-
mined that 6.6 1 10011 mole of rhodamine-phalloidin was We investigated whether the changes in cortical F-actin
could be triggered by exposure to 1-MA for less time thanmore than suf®cient to saturate the F-actin contained in
the cortices on the coverslip (Fig. 3A, inset). This amount was required for inducing maturation. To do this, oocytes
were removed from 1-MA at various times during the HDP.of rhodamine-phalloidin was used for time course experi-
ments. A representative experiment is shown in Fig. 5. All oocytes
exhibited transient spike formation. The oocytes exposed
to 1-MA for longer than the HDP underwent GVBD and
Changes in Relative F-actin Content in Cortices then exhibited a decrease in cortical F-actin to 25% of that
during Oocyte Maturation in the immature oocyte. For most batches of oocytes ex-
posed to 1-MA for 20 min, 10 min less than the HDP, theThe cortex of the oocyte has been shown to contribute
cortical F-actin declined to 50% of the F-actin in the imma-to the changes in oocyte stiffness during maturation (Hi-
ture oocyte (Fig. 5, dotted line). However, in some batchesramoto, 1976). To examine changes in cortical F-actin dur-
of oocytes exposed to 1-MA for 20 min, the cortical F-actining maturation, isolated oocyte cortices were ®xed at vari-
levels slowly increased to 100% that of the immature oo-ous times during maturation and stained with saturating
cyte over time (data not shown). In oocytes washed after aamounts of rhodamine-phalloidin (Figs. 3A and 4). During
10-min exposure to 1-MA, spikes continued to extend andthe formation of actin-®lled spikes which occurred15 min
subsequently retracted in the absence of 1-MA. After spikeafter the addition of 1-MA, the relative F-actin content
retraction, the cortical F-actin returned to 100% of the im-within the cortex of oocytes increased to 200% the level
mature oocyte, but did not decrease further (Fig. 5, solidin the immature oocyte. The level of F-actin in the cortex
line).then decreased to that of the immature oocyte by 30 min
after the completion of spike retraction and decreased fur-
ther during GVBD to 25% of the immature oocyte (Fig.
A Second Burst of Spike Formation in Oocytes3A). No increase in cortical F-actin was observed during
Reexposed to 1-MAformation of polar body I or II (Fig. 3A, arrowheads).
Oocytes treated with 1-MA for less than the HDP will
resume maturation when they are reexposed to 1-MA. TheChanges in Relative F-actin Content in the
time between a second exposure to 1-MA and GVBD ap-Cytoplasm during Oocyte Maturation
pears to be less than the time between primary exposure to
Changes in the consistency of the cytoplasm contribute 1-MA and GVBD in oocytes cultured continuously in 1-MA
to the mechanical changes in the whole oocyte during mat- (Nemoto, 1982). This suggests that the signaling events may
uration (Shoji et al., 1978). To determine if there are changes be cumulative.
in the amount of F-actin in the cytoplasm during matura- Spike formation and disassembly occurred in oocytes
tion, whole oocytes ®xed and then stained with saturating treated for less than the HDP (Fig. 5). Therefore, we wanted
amounts of rhodamine-phalloidin at various times during to examine the changes in cortical F-actin in oocytes treated
maturation were examined by ¯uorescence confocal mi- for 20 min with 1-MA and then reexposed to 1-MA at a
croscopy. Optical sections through the center of the oocyte later time. This would allow us to examine the changes in
were then analyzed. The mean grayscale value of a circle cortical F-actin after 1-MA readdition and determine if these
that was 1/4 the diameter of the oocyte was measured with changes were characteristic of changes that occur later dur-
the NIH program Image, version 1.55. All the values were ing the HDP. Upon readdition of 1-MA to oocytes pre-
normalized to the immature oocyte. The amount of F-actin viously exposed to 1-MA for 20 min, spikes formed within
in the cytoplasm increased after 1-MA addition to 175% of 15 min and retracted by 30 min after reexposure to 1-MA.
the immature oocyte by 30 min (Fig. 3B). The amount of F- A transient increase in F-actin was sometimes observed that
actin then decreased to the level of the immature oocyte correlated with spike reformation and retraction (Figs. 6A
and remained at that level throughout maturation. No sig- and 6B, 160 min). The timing of spike reformation in oo-
ni®cant change in the level of F-actin was observed during cytes after 1-MA readdition was similar to the timing of
polar body formation. spike formation observed in oocytes continuously exposed
to 1-MA. The number and size of the spikes formed were
variable among batches of oocytes (data not shown). TheChanges in Cortical F-actin Content in Oocytes
extent of the increase in F-actin correlated with the sizeRemoved from 1-MA at Various Times
and number of spikes formed.
Fifty minutes after readdition of 1-MA, the oocytes under-In order for oocytes to mature, they must be exposed to 1-
MA throughout the hormone-dependent period (HDP). The went GVBD and the cortical F-actin levels decreased to less
than 25% of those in the immature oocyte. Although GVBDHDP is de®ned as the length of time oocytes need to remain
in 1-MA to induce GVBD in 50% of the oocytes (Nemoto, was less synchronous after readdition of 1-MA to oocytes
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FIG. 4. Fluorescence photomicrographs of cortices that were isolated at times during maturation and stained with rhodamine-phalloidin.
Cortices were isolated, ®xed, and then stained with rhodamine-phalloidin. The F-actin in the immature oocyte (t  0) was distributed in
a diffuse ``mossy'' pattern. By 15 min after 1-MA addition, the F-actin-®lled spikes were fully extended. At 45 min, the spikes had mostly
regressed and the rhodamine-phalloidin staining of the cortex looked much like that of the immature oocyte. By 240 min, there was a
reduction in the amount of cortical F-actin.
than in oocytes cultured continuously with 1-MA, the time tani, 1973). DTT works at the level of the membrane to
induce maturation and is therefore most likely acting earlyfrom 1-MA addition to GVBD was similar.
in the signal cascade that induces maturation (Kishimoto
and Kanatani, 1976). Because the majority of the changesChanges in Cortical F-actin after Inducing
in F-actin seemed to be occurring in the cortex, we exam-Maturation with 10 mM Dithiothreitol
ined the effect of inducing maturation via a 1-MA-indepen-
We wanted to determine if early changes in the F-actin dent pathway on changes in cortical F-actin. Oocytes in-
cytoskeleton could be dissociated from GVBD. Dithiothrei- duced to mature with 10 mM DTT failed to form spikes
tol (DTT) is a mimetic of 1-MA, meaning that it can induce and GVBD was delayed until 90 min. The effect of inducing
maturation with DTT on the level of F-actin within thematuration in the absence of 1-MA (Kishimoto and Kana-
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spikes formed bouquet-like foci. These long, thick spikes
exhibited delayed retraction and many were present after
GVBD (Fig. 7, 240 min). The relative level of cortical F-
actin increased during early maturation to 500±1100% of
the level of cortical F-actin in immature oocytes that had
FIG. 5. Effect of 1-MA removal on levels of F-actin in oocyte
cortices. Oocytes were incubated with 1-MA for various times,
washed twice with CaFSW to remove the 1-MA, and then cultured
at 127C. Cortices were isolated on coverslips at time points during
and after 1-MA incubation, ®xed, and then stained with saturating
amounts of rhodamine-phalloidin. The points on the graph repre-
sent the mean relative ¯uorescence of 10 cortices, and the bars
represent the standard deviation among cortices at a given time
point. No GVBD was observed in oocytes cultured in 1-MA for less
than the HDP (10 min: solid line; 20 min: dotted line), whereas
100% of the germinal vesicles broke down in oocytes incubated in
1-MA for greater than the HDP (30 min: dashed line). The cortical
F-actin in oocytes removed from 1-MA after 10 min incubation
returned to 100% of the immature oocyte after spike retraction.
Oocytes incubated in 1-MA for 20 min exhibited no GVBD, yet
cortical F-actin decreased to 50% the level of the immature oocyte
after spike retraction. In oocytes washed after the HDP had been
completed (30 min), the cortical F-actin decreased to 25% of the
immature oocyte after spike retraction.
cortex was variable during the ®rst 45 min of maturation
(data not shown). Sixty minutes after adding DTT, there
was a decrease in the level of cortical F-actin to 50±60% of
FIG. 6. Effect of 1-MA reexposure on cortical F-actin. (A) Oocytesthe immature oocyte. At 90 min, when the cortical F-
were treated for 20 min with 1-MA and then washed two times inactin was 25% of the cortical F-actin in immature oocytes,
CaFSW (®lled arrowhead). Oocytes were reintroduced to 1-MA 145
GVBD occurred (data not shown). min after the initial exposure (open arrowhead). Oocyte cortices
were isolated, ®xed, and then stained with rhodamine-phalloidin.
The graph contains data from three independent experiments. Each
Changes in Cortical F-actin during 1-MA-Induced time point represents the mean ¯uorescence of 10 cortices. The
standard deviation among cortices is represented by the bars. AllMaturation after Pretreatment of Oocytes with 100
oocytes exhibited spike formation upon readdition of 1-MA, butmM Forskolin
the increase in F-actin, the number of spikes formed, and the length
We examined the timing of changes in cortical F-actin of the spikes during secondary spike formation were variable among
experiments. For example, the dotted line shows an unusually largeduring maturation of forskolin-treated oocytes to see if the
increase in F-actin after reexposure to 1-MA, which correspondedtiming was extended because treating oocytes with for-
to the formation of a large number of long, thick spikes. Oocytesskolin extends the time between 1-MA addition and GVBD
underwent GVBD at195 min (*). (B) Photomicrographs of corticesby 250% (Meijer and Zarutski, 1987). Forskolin is a diter-
from oocytes reexposed to 1-MA. Oocytes were treated with 1-MApene which activates adenylate cyclase and raises cAMP
for 20 min and then washed with CaFSW. The oocytes were thenlevels in star®sh oocytes to 35 times the normal level
reexposed to 1-MA 145 min after the original exposure. Cortices
(Meijer and Zarutski, 1987). Treatment of oocytes with 100 were isolated, ®xed, and then stained with rhodamine-phalloidin.
mM forskolin for 1 hr prior to 1-MA addition delayed GVBD At 135 min, the F-actin in the cortex was diffusely mossy, much
until 160 min (data not shown). When oocytes pretreated like in the immature oocyte. At 160 min, 15 min after readdition
with forskolin were activated with 20 mM 1-MA, very long of 1-MA, F-actin-®lled spikes were present. These cortices are from
the experiment represented by the dashed line in A.and thick spikes formed (Fig. 7, 15 min). Many of these
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3A). The level of F-actin also decreased in oocytes removed
from 1-MA before the HDP was completed, which suggested
that F-actin depolymerization was not suf®cient to induce
GVBD (Fig. 5). Further, under certain experimental condi-
tions, F-actin depolymerization occurred well before GVBD
(i.e., forskolin treatment, Fig. 8, and DTT exposure, data
not shown). In no circumstance did we observe GVBD in
the absence of a decrease in F-actin. To address whether
maturation is dependent on the depolymerization of F-ac-
tin, phalloidin was injected into immature A. miniata oo-
cytes to prevent F-actin depolymerization after 1-MA addi-
tion. A. miniata oocytes were used because P. ochraceus
were not gravid at the time of the experiments. The F-actin
concentration within immature A. miniata oocytes was cal-FIG. 8. Effect of forskolin on changes in cortical F-actin. Oocytes
were treated for 1 hr prior to 1-MA addition with 100 mM forskolin. culated to be 12 { 2 mM from saturation experiments of
The oocytes were induced to mature with 20 mM 1-MA and then ®xed oocytes with rhodamine-phalloidin (data not shown).
left in 20 mM 1-MA and 100 mM forskolin throughout maturation. Oocytes were injected to produce an intracellular concen-
Cortices were isolated, ®xed, and then stained with saturating tration of 2 mM rhodamine-phalloidin, for visualizing diffu-
amounts of rhodamine-phalloidin at various times during develop- sion, or 100 mM unlabeled phalloidin, to stabilize F-actin
ment. The graph contains data from three independent experi-
or cause actin polymerization. By 1 hr after injection, thements. Each point is the mean relative ¯uorescence of 10 cortices
rhodamine-phalloidin had diffused throughout the cell withnormalized to the immature non-forskolin-treated oocyte cortex.
a slight accumulation at the cortex and a high concentrationThe standard deviation among cortices on a coverslip is represented
remaining at the site of injection (data not shown). All 6 ofby the error bars. The asterisk (*) marks the time when 50% of the
the oocytes injected with rhodamine-phalloidin underwentoocytes had begun GVBD.
GVBD in response to 10 mM 1-MA at the same time as
control, uninjected oocytes. The 35 oocytes containing 100
mM phalloidin, almost 10 times the F-actin concentration,
underwent GVBD at the same time as control oocytes in-been treated with forskolin (Fig. 8, 15 min). The decrease
jected with DMSO-containing buffer (data not shown).in the relative amount of cortical F-actin occurred with the
same timing as that in control oocytes but by 30 min the
level of cortical F-actin decreased only to 400% of that in
Localization of F-actin to the GV at the Onset ofthe untreated oocyte. The level of cortical F-actin then de-
GVBDclined until 90 min after activation and thereafter remained
fairly constant. In one experiment the relative F-actin in The germinal vesicles of oocytes treated with 1-MA un-
the cortex remained above 100% until 240 min. However, dergo shape changes prior to GVBD that are sensitive to
an unusually large number of residual spikes elevated the cytochalasin B (Stricker and Schatten, 1991). Using confocal
measurement of cortical F-actin. ¯uoresence microscopy, we examined intact oocytes ®xed
and stained with rhodamine-phalloidin at times during mat-
uration to identify patterns of F-actin localization thatStabilization of F-actin during Maturation with
might account for these shape changes. No rhodamine-phal-Phalloidin
loidin staining was seen in the GV prior to GVBD, sug-
gesting that F-actin was excluded from the GV. StainingWe wanted to determine if F-actin depolymerization is
required for GVBD to occur. The following observations around the periphery of the GV was never seen before GVBD
(Fig. 9). Oocytes ®xed at 45 and 50 min after 1-MA additionsuggested that maturation might be dependent on the depo-
lymerization of F-actin. The level of F-actin in intact oo- showed phalloidin staining preferentially within the GV. In
the majority of the oocytes ®xed at these times, the stainingcytes and in the cortex of oocytes decreased to below the
level in immature oocytes at the time of GVBD (Figs. 1 and for F-actin was homogeneous throughout the GV and dis-
FIG. 7. Fluorescence photomicrographs of cortices from forskolin (left)- and nonforskolin (right)-treated oocytes. Oocytes were treated
for 1 hr with 100 mM forskolin and then exposed to 1-MA. Cortices were isolated, ®xed, and stained with rhodamine-phalloidin at time
points during maturation. F-actin-®lled spikes are evident by 15 min after 1-MA addition. The forskolin-treated oocytes had unusually
thick and long spikes, many of which clustered into bouquet-like foci throughout the cortex. At 45 min, when the spikes had retracted
in the control oocytes, many of the spikes remained in the forskolin-treated oocytes. By 240 min in forskolin-treated oocytes, 80 min
after GVBD, the cortical F-actin between the spikes diminished to levels comparable to the control oocytes, but there were many residual
spikes.
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quantitative ¯uorescence microscopy to measure the level
of F-actin in the intact oocyte, in the oocyte cortex, and in
the endoplasm of oocytes to determine what role changes
in the level of F-actin might play in altering the morphology
and mechanical properties of the oocyte. This methodology
has previously been used to measure relative changes in F-
actin during adherence-induced activation of polymorpho-
nuclear leukocytes (Southwick et al., 1989). Further, we
separated changes in F-actin from GVBD. Our ®ndings sug-
gest that there are two populations of F-actin in the oocyte
cortex that are differentially regulated and that the regula-
tion of these populations is separable from that controlling
GVBD.
Changes in Cortical F-actin
In 1981, Schroeder discovered that spikes transiently pro-
ject from the surface of oocytes in response to 1-MA. These
FIG. 9. Fluorescence confocal microscopic images of germinal spikes stain positively with NBD-phallacidin and therefore
vesicles. Oocytes ®xed during maturation and then stained with contain F-actin (Schroeder and Stricker, 1983). Cortical
saturating amounts of rhodamine-phalloidin were examined by preparations of immature oocytes stain diffusely with NBD-
¯uorescence confocal microscopy. No rhodamine-phalloidin stain- phallacidin (Otto and Schroeder, 1984). At the time of maxi-
ing was seen in the GV in the immature oocyte. At 45 min, the mal spike extension, the diffuse staining of the cortex is
GV began to break down and rhodamine-phalloidin staining was still seen along with staining of the spikes. Otto andobserved in the area of the GV at levels higher than in the sur-
Schroeder (1984) hypothesized that spikes form by de novorounding cytoplasm. Bright regions of rhodamine-phalloidin stain-
actin polymerization. We observed an increase in corticaling were present around the perimeter of the vesiculating GV. The
F-actin during spike formation which supports their hy-nucleolus was observed as a dark sphere within the GV. By 60 min
pothesis (Fig. 3). Further, we observed that after spike retrac-after 1-MA addition, staining for F-actin was observed within the
GV but no brightly stained regions were ever seen at the perimeter tion, the level and pattern of rhodamine-phalloidin staining
of the GV at this time. After GVBD was complete (t  240), rhoda- in the cortex were similar to those of the immature oocyte
mine-phalloidin staining indicated that the F-actin was homoge- (Figs. 3A and 4). We suggest that there are two distinct
neously distributed throughout the cytoplasm. cortical populations of F-actin during early maturation, the
stable, nonspike F-actin and the rapidly polymerizing/depo-
lymerizing actin in spikes, and that both actin polymeriza-
tion and depolymerization are regulated spatially and tem-
tinctly brighter than the surrounding cytoplasm (Fig. 9). porally in the cortex.
Some of the oocytes ®xed at these times had bright patches The regulation of both populations of F-actin within the
of rhodamine-phalloidin staining at the periphery of the GV cortex was separable from the regulation which led to
in addition to diffuse staining within the GV. All oocytes GVBD. Both actin polymerization/depolymerization within
®xed at 60 min had diffuse staining within the GV that was spikes and the depolymerization of nonspike cortical F-ac-
above the level of the cytoplasm but none had bright tin were shown to occur independently of GVBD. Spike
patches of rhodamine-phalloidin staining around the perim- retraction was incomplete throughout maturation in oo-
eter of the GV (Fig. 9). As the yolk platelets moved into the cytes treated with forskolin, which suggests the indepen-
area previously occupied by the GV, the staining became dence of GVBD on spike retraction. If spike formation is
diffuse throughout the oocyte, suggesting that F-actin was blocked with cytochalasin B, GVBD occurs on the same
localized homogeneously throughout the cytoplasm (Fig. 9). schedule as control oocytes (Schroeder, 1981; Stricker and
Schatten, 1991). Therefore, spike formation is not necessary
for GVBD to occur. Further, denuded oocytes induced to
DISCUSSION undergo maturation with DTT did not form spikes (data
not shown). When fertilized, oocytes induced to mature
with DTT can develop at least as far as bipinnaria larvaeMorphological and mechanical changes occur in star®sh
oocytes during maturation. These include spike formation, (Kishimoto and Kanatani, 1973), suggesting that spike for-
mation is not essential for later development. Because DTTchanges in the shape of the GV, decreased stiffness at
GVBD, and transient increases in oocyte stiffness during acts at the membrane (Kishimoto and Kanatani, 1973) and
spikes do not form when oocytes are induced to maturepolar body formation. Although changes in F-actin have
been implicated in these events, quantitative examination with DTT, DTT may act just downstream of 1-MA. Al-
though neither formation nor retraction of spikes is neces-of F-actin during maturation has not been done. We used
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sary for GVBD, the dissection of signals involved in spike the time to complete GVBD is extended in the presence of
cytochalasin B (Stricker and Schatten, 1991). These observa-formation may identify the effectors of the trimeric G-pro-
teins associated with the putative 1-MA receptor (Jaffe et tions suggest that F-actin participates in the elongation and
vesiculation of the GV (Stricker and Schatten, 1991). Weal., 1993).
Depolymerization of the F-actin in oocytes with cytocha- observed bright foci of rhodamine-phalloidin staining
around the periphery of the GV at the onset of GVBD (Fig.lasin B does not induce maturation (Nemoto et al., 1980).
Depolymerization of nonspike cortical F-actin occurred 9). The pattern of staining is similar to the pattern of accu-
mulation of amorphous material in depressions on the outerprior to GVBD in oocytes treated with DTT and forskolin
and without the occurrence of GVBD in oocytes washed nuclear envelope seen by electron microscopy at the onset
of GVBD (Shirai and Kanatani, 1982). The rhodamine-phal-free of 1-MA after a 10-min incubation. Therefore, depoly-
merization of nonspike cortical F-actin is not suf®cient for, loidin staining at the GV may represent the accumulation
of F-actin in the indentations of the GV. This actin maynor dependent on, the breakdown of the germinal vesicle.
Although we observed depolymerization of F-actin oc- contribute to the vesiculation of the GV.
curring independently of GVBD, we never saw complete
depolymerization of F-actin in cortices from oocytes that
Summarydid not eventually undergo GVBD. It may be that the com-
plete depolymerization of nonspike F-actin in the cortex Our ®ndings demonstrate that there are two distinct pop-
coincides with the end of the hormone-dependent period. ulations of F-actin in the cortex of oocytes, that these popu-
Depolymerization of the nonspike cortical F-actin, and the lations are independently regulated, and that this regulation
accompanying decrease in oocyte stiffness measured by oth- is separable from that controlling GVBD. In addition to pro-
ers (Chambers, 1921; Hiramoto, 1964, 1976; Nakamura and viding the groundwork for studying the regulation of F-actin
Hiramoto, 1978; Shoji et al., 1978; Nemoto et al., 1980), in a developmental system that is experimentally tractable,
may also allow the oocytes to be spawned more easily. We these observations will aid in the dissection of signal trans-
have also shown by phalloidin injection that, in addition to duction cascades involved in initiating maturation of star-
the depolymerization of cortical F-actin not being suf®cient ®sh oocytes by providing additional landmarks early in mat-
for GVBD, it is not necessary. uration.
Role for F-actin in Changes in Oocyte Stiffness
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